Introduction. The interest in spin phenomena has significantly increased in recent years. It is now clear that spin effects in high energy interactions provide essential information about the elementary particles' properties and structure. Recently, there has been significant progress in understanding the nucleon's longitudinal and transverse spin structure due to many polarization experiments done at SLC, HERA, CERN and RHIC. The Main Injector polarized proton beam would allow unique studies of spin phenomena such as the 1-spin asymmetry in all inclusive processes, including DrellYan and hadron and hyperon production. It would also allow both 1-spin and 2-spin asymmetry measurements of exclusive processes such as proton-proton elastic scattering at large P 2 ⊥ . Thus, the Main Injector's very high intensity could test the validity of strong interaction theories at the far larger P 2 ⊥ values possible at 120-150 GeV/c. Polarized Drell-Yan Experiments. The E-866 [1] and E-906 (SeaQuest) collaborations have had a long-term interest in studying Drell-Yan processes with a 120-150 GeV/c polarized beam. Details are given in Section 1. 4 .
Polarized large P 2 ⊥ elastic and inclusive scattering. Transverse spin effects appear experimentally to increase at large-P ⊥ . A high intensity polarized beam could determine if these unexpected spin effects persist at the larger P ⊥ possible at the 120-150 GeV/c Main Injector. The SPIN@FERMI Collaboration hopes to continue studying the proton's transverse spin structure by scattering a 120-150 GeV/c extracted polarized proton beam from a solid polarized proton target and a liquid hydrogen target. As shown in Fig. 1.1 , a large left-right asymmetry A N was found in polarized proton-proton elastic scattering at large P 2 ⊥ [2] . Currently, the nucleon's transverse spin structure is unexplored experimentally above about P ⊥ for proton-proton elastic scattering (p ↑ + p → p + p) [2] .
Similar large asymmetries were found in large-X F inclusive pion production [3] from P lab = 12 GeV/c to s = 3900 (GeV/c) 2 , as shown in Fig. 1 .2. There are 2 independent 1-spin A N asymmetries in large P 2 ⊥ elastic scattering (polarized beam and polarized target), p ↑ + p → p + p and p + p ↑ → p + p.
(1.1) For identical particles, such as 2 protons, the 2 independent A N asymmetries must be equal. These would be measured simultaneously with the 2-spin A N N asymmetry, p ↑ + p ↑ → p + p. As shown in Fig. 1.3 , a large and unexpected 2-spin asymmetry was found at large P [5] .
Theoretical Overview
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Spin has been the quantum number that has mystified physicists since its publication by Uhlenbeck and Goudsmit in 1925 [6] . Indeed, at the 1982 SPIN Symposium, C.N. Yang stated "I for one suspect that the spin and general relativity are deeply entangled in a subtle way that we do not understand" [7] . The modern spin era began with Wolfenstein's [8] efforts to develop a formalism to describe spin experiments, followed by the discovery by Oxley et al. of large spin effects at 200 MeV [9] . Fermi's last paper [10] focused on his amazement that the proton's spin, which had so little energy, was so important at 200 MeV. This paper resulted in his ex-student Chamberlain and others starting a series of double and triple scattering experiments and developing polarized proton targets and using them with unpolarized beams. Next, the development of the 12 GeV/c ZGS polarized proton beam allowed many precise spin experiments, such as proton-proton elastic scattering experiments [4, 11] , which found unexpectedly large A N and A N N asymmetries at high P 2 ⊥ . This started the era of GeV polarized beams and polarized targets at many high energy and nuclear accelerators and colliders and many theoretical efforts to try to understand the resulting data.
There was a belief that quantum chromodynamics (QCD) predicted that all transverse single spin asymmetries would vanish at large transverse momentum. This misconception can be traced to statements found in the paper of Kane, Pumplin and Repko [12] . It correctly pointed out that large transverse single spin asymmetries are not generated in perturbative processes involving light quarks,
But they mistakenly neglected other possible twist-3 mechanisms in a collinear factorization formulation of a hard scattering model, and used this to suggest the vanishing of 1-spin observables, such as A N . During 1978-1988 this conclusion was widely accepted. The correct interpretation [13] of their result was that, since perturbative processes involving light quarks do not themselves generate 1-spin asymmetries, they could be used to probe the asymmetries caused by the soft nonperturbative dynamics of QCD due to the interplay of confinement and dynamic chiral symmetry breaking. The asymmetries generated by such spin-orbit dynamics can be parameterized into k T -dependent distribution functions (Sivers functions [13] or Boer-Mulders distributions [14] ) or into k T -dependent fragmentation functions (Collins functions [15] or polarizing fragmentation functions [13, 16] ). They can also be parameterized into specific twist-3 operators in a collinear factorization approach. Mulders and his collaborators [16] classified the appropriate operators for 1-spin asymmetries but, mistakenly, called them T-odd suggesting that they violated time reversal invariance. In truth, the symmetry they violated involves a transformation related to the Hodge dual operator of differential geometry [17] . The Trento Conventions for transverse spin asymmetries are described in Ref [18] . The subject received a boost when Heppelmann, Collins and Ladinsky [19] noted that the quark transversity distributions, δ T q(x), defined by Ralston and Soper [20] and renamed by Jaffe and Ji [21] , could be measured in semi-inclusive deep inelastic scattering (SIDIS),
Here H 1 (z) is the Collins function [15] that defines an asymmetry in the fragmentation of a transversely polarized quark. Asymmetries involving fragmentation functions can be separated from those involving distributions in SIDIS and in the Drell Yan [22] process. In hadron-hadron collisions they can also be separated at the level of two-particle correlations in the final state. A comprehensive phenomenological fit to asymmetries in e + + e − → hadrons, semi-inclusive DIS and inclusive production in polarized hadronhadron scattering, has been published by the Turin group [23] . They fit the transversity distributions for up and down quarks, favored and disfavored Collins functions, and orbital distributions for up and down quarks. This phenomenology is currently being extended to NLO in QCD perturbation theory. An important feature of "T-odd" distribution functions is that they are required to display a dramatic process dependence in order to be consistent with a gauge formulation of QCD. This result can be called Collins conjugation [24] . It needs to be tested. One comparison involves the measurement of orbital distributions (which are called Sivers functions) in DIS and in the DY process,
(1.5)
However, others can also be considered. In particular, the Boer-Mulders distributions exhibit the same process dependence as orbital distributions. Related processes involving associated baryon production can also be studied.. Exclusive processes in QCD involve local descriptions in terms of, so called, generalized parton distributions (GPD's) and effective field theories incorporating constraints generated by crossing and analyticity. Quantum chromodynamics predicts that elastic transverse spin asymmetries for hadron-hadron scattering at large transverse momenta involve a combination of the Chou-Yang [25] mechanism involving orbital angular momentum and the Brodsky-Lepage [26] effective field theory which involves truncation of the Fock states combined with power-law approximations to effective form factors. However, the data shown in Figs. 1.1, 1.2 and 1.3 are too small a set of data to conclusively filter the various theoretical approaches. Its range needs to be increased. High intensity 120-150 GeV/c polarized proton beams from the Main Injector could allow a comprehensive experimental program of transverse single-spin and double-spin experiments.
Single-Spin Asymmetries
These studies take advantage of the high luminosity possible with a polarized beam scattering on an unpolarized target, together with the flexibility of incorporating highresolution measurements of momentum with particle identification in fixed-target experiments. A list of important experiments would include:
Polarized Drell Yan asymmetries
This is a fundamental measurement that can be used to test the validity of the gauge formulation of QCD in regions where the fundamental degrees of freedom cannot be clearly isolated. In this sense, Collins conjugation can be formulated in analogy to the Bohm-Aharanov test of the gauge formulation of QED.
Spin asymmetries in Baryon production
These asymmetries involve mechanisms closely related to those responsible for the production of baryons with polarization (P ) from unpolarized scattering processes.
Inclusive hyperon polarization [Eq. (1.8)] was studied experimentally in the late 1970s at Fermilab [27] .
Elastic Scattering Single Spin Asymmetries
This could test the combination of the Brodsky-Lepage [26] effective field theory with the Chou-Yang [25] formulation of elastic scattering involving orbiting constituents. It provides an independent measurement of the mean orbital angular momentum of the rotating charges.
Spin asymmetries in inclusive pseudoscalar and vector meson production
These processes were studied experimentally in the late 1980s at Fermilab [28] . Much higher intensity studies could provide a more precise understanding of Collins functions and precision measurements of orbital distributions.
Two-particle correlations
Non-resonant two-particle correlations can be used to distinguish between asymmetries that occur in the fragmentation process (Collins functions) from those that occur in the proton's distribution orbital distributions (Sivers functions). These experiments take advantage of the ability to combine accurate momentum measurements with particle identification in fixed target experiments.
6. Spin asymmetries in inclusive J/ψ, ψ ′ and Charm production
Like the Drell Yan process, these processes are free from important fragmentation asymmetries and can be used to measure gluon orbital distribution functions and, hence, gluon orbital angular momentum. Again, the access to forward kinematics is an immense advantage of fixed target kinematics.
Double-Spin Asymmetries
Combining a polarized beam with a polarized target provides access to two spin asymmetries. Here we only mention a few transverse A N N asymmetries, which could be studied experimentally using a Main Injector polarized beam:
There is a strong prejudice that antiquark transversities are very small, but this belief needs to be confronted with experiment. In addition, there are many other asymmetries involving different angular distributions that appear with the extra degree of freedom.
Extending these experiments [4, 11] to the P 2 ⊥ available at the Main Injector would provide a tremendous expansion of the range in which the Brodsky-Lepage [26] approach to exclusive processes has been measured.
Physics with 120-150 GeV/c polarized beams
A 120-150 GeV polarized beam at the Fermilab Main Injector and a liquid hydrogen target and/or a solid polarized proton target (PPT) could allow a wide range of 1-spin and 2-spin asymmetry measurements. Particularly interesting would be: DrellYan [22] scattering experiments with a transversely polarized protons beam on unpolarized liquid hydrogen targets; and large-P 2 ⊥ elastic scattering in view of the still unexplained huge transverse spin-effects at 12 to 28 GeV/c found at the ZGS [29] and AGS [30] . Some transversely polarized hadron measurements include:
• the Sivers asymmetries in high precision polarized Drell-Yan experiments;
• the 1-spin A N and 2-spin A N N in large-P 2 ⊥ proton-proton elastic scattering; • the 2-spin proton-proton total cross section σ tot A N N ;
• the 2-spin D N N of Λ-hyperon polarization via its self-analyzing decay;
• the left-right asymmetry in Σ 0 -production or ρ-production; • the left-right asymmetries in inclusive pion and kaon production. 1. Polarized Drell-Yan scattering has become a major milestone in the hadronic physics community, motivated by a fundamental prediction of QCD that postulates a sign change in the Sivers function [13] measured in Drell-Yan scattering as compared to semi-inclusive deep inelastic scattering (SIDIS) [24, 31] . Each quark and antiquark flavor has its own Sivers function described by a transverse-momentum dependent distribution function that captures non-perturbative spin-orbit effects inside a polarized proton. The experimental verification of the sign change goes to the heart of the gauge formulation of QCD and would fundamentally test the factorization approach to the description of processes sensitive to transverse parton momenta. It would be crucial to confirm the validity of our present conceptual framework for analyzing hard hadronic reactions. The HERMES [32] and COMPASS [33] experiments have measured single transverse spin asymmetries and performed global fits to the Sivers asymmetries with high precision. In order to make a meaningful comparison of shape and sign, comparable measurements are needed for single spin asymmetries in the Drell-Yan process. While many experiments around the globe aim to measure polarized Drell-Yan either with a polarized beam or a polarized target, none of them is optimized for Drell-Yan except for the SeaQuest dimuon spectrometer at the Fermilab Main Injector. SeaQuest will use 5-s long spills of 2 · 10 12 protons/s each minute (I av = 1.6 · 10 11 protons/s) on a 50-cm long liquid hydrogen (or deuterium) target (N p = 2.1 · 10 24 cm −2 ). This results in an average luminosity of 3.4 · 10 35 cm −2 s −1 and a total integrated beam of 3.4 · 10 18 protons on target over a period of 2 to 3 years of running.
The big attraction for a polarized Drell-Yan program at the Fermilab Main Injector is a spectrometer and hydrogen target that are well-understood, fully functioning, and optimized for Drell-Yan at the end of data collection for the SeaQuest experiment, shown in Fig. 1 .5. Based on the study presented in this report and experience from current polarized ion sources, it is expected that an ion source that produces 1 mA at the source can deliver up to 150 nA (about 1 · 10 12 p/s) to the experiment by using 30 two-second cycles and slip stacking into the Main Injector. Assuming that 50% of the total beam time is allocated to the experiment, a luminosity of 1 · 10 36 cm −2 s −1 can be obtained. It is important to note that even if only 10% of the available beam time was allocated to the experiment, a luminosity of 2.0 · 10 35 cm −2 s −1 is still very competitive. In addition, the SeaQuest spectrometer accommodates a large coverage in x, i.e., x 1 = 0.3 − 0.9 covering the valence quark region, and x 2 = 0.1 − 0.5 covering the sea quark region. While the Sivers function can be measured for both the valence quarks or the sea quarks, sea quark effects might be small due to competing processes, while valence quark effects are generally expected to be large [34] . Thus, using a polarized beam might have a substantial advantage over a polarized target. The combination of high luminosity, large x-coverage and a high-intensity polarized beam makes Fermilab arguably the best place to measure Drell-Yan scattering with high precision. Fig. 1.7 . Moreover, the experiment was originally proposed for the 400 GeV/c UNK where the non-elastic background was considerably larger; thus, the recoil spectrometer might be significantly shortened to fit better into the Meson Hall, as was done in the U-70 Hall, after UNK was suspended. These experiments could run simultaneously with the Main Injector running in the polarized and unpolarized mode on interspersed pulses. These 120-150 GeV/c fixed-target spin experiments may provide further justification for developing polarization capability at Fermilab. The SPIN@FERMI collaboration has been very interested in 120-150 GeV/c large-P 2 ⊥ elastic proton-proton spin experiments since the 1980s. The luminosity of ∼2 · 10 34 cm −2 s −1 should be adequate for elastic scattering out to P 2 ⊥ of ∼12 (GeV/c) 2 . The expected polarized elastic event rates per day are about:
We might later increase these event rates by:
• increasing the polarized ion source intensity above 1.5 mA;
• further improving the PPT for running with high beam intensity.
3. Polarized Large-P ⊥ inclusive processes. Measuring inclusive spin effects at the high-intensity Main Injector could provide a precise new probe of the strong interaction at very large P ⊥ . One could precisely measure, at very large P ⊥ , the 1-spin transverse asymmetries (A N ) in inclusive processes such as:
(1.17) Fig. 1.8 shows the unpolarized inclusive jet data from the D0 and CDF detectors [35] . These data indicate that jets and thus probably pions, kaons and antiprotons could be precisely measured, with high accuracy, at the maximum P 2 ⊥ of 54 (GeV/c) 2 available at 120 GeV/c and 67 (GeV/c) 2 at 150 GeV/c. Unfortunately, it is very difficult to measure the 2-spin inclusive A N N from a solid polarized proton target (PPT) due to the unpolarized protons and neutrons in the NH 3 target's beads, and in the PPT's helium coolant and bead container. However, it is straightforward to measure 1-spin inclusive asymmetries (A N ) from a liquid hydrogen target.
Note that by adding two simple threshold Cherenkov counters to the elastic recoil spectrometer shown in Fig. 1.7 , one could precisely measure inclusive cross sections, as was done in 1967-69 at the ZGS [36] and in 1971 at the ISR [37] . Since the inclusive pion, kaon and antiproton production cross sections at large P 2 ⊥ are far larger than the elastic cross sections one could make rather precise A N measurements, even at P 4. Polarized Total Cross Sections. The Main Injector polarized beam could allow extending the 2-spin transverse proton-proton total cross section σ tot A N N measurements to 120-150 GeV/c. One could use the traditional beam absorbtion technique with circular scintillators of decreasing radius followed by extrapolation of their measured rates back to zero radius. This simple measurement [38] was the first polarized beam experiment when the polarized ZGS beam first operated in 1973. Measuring σ tot is far easier in fixed target experiments than in collider experiments. To accelerate polarized protons in the Main Injector, changes are needed in most Fermilab accelerator stages as shown in Fig. 1.9 . Some of these changes were discussed in the attached 1992 Polarized Main Injector Report [39] ; however, much of the information is now out of date. The "searchable" attached 1995 Report [40] , whose relevant sections are listed below, contains many more details, which could help one to follow this brief Updated Report.
• Accelerator Modifications 1. Polarized Ion Source: Polarized ion sources now have intensities of 1.0 -1.5 mA [41, 42] . Either the former IUCF Atomic Beam type (ABS) polarized ion source (which is now at Dubna), or the reconstructed and improved ZGS/AGS ABS, could provide ∼1 mA. • spin rotator may be needed to correct for the spin rotation due to the intermingled horizontal and vertical bends in the transfer line. NEEDS MORE STUDY.
Computer Controls and Interfaces:
Controls for all polarized beam hardware must be interfaced with main accelerator control computer.
Procedure for accelerating polarized protons
SeaQuest might prefer two 3-second or three 2-second polarized cycles per minute. However, it might be most practical to switch from unpolarized to polarized cycles for one minute once every ten minutes. This would also give the polarized beam 10% of the beam-time and the unpolarized beam 90%. Its most important advantage over switching once per minute, is that it would reduce the switching frequency tenfold and allow far slower switching times for the switching magnets before the RFQ and most importantly much slower time for switching the polarimeter targets in and out of the beams. Going from 50 ms to perhaps 1 s would significantly increase the switching hardware's lifetime and reduce its cost. It would also reduce the targets' oscillations after each switch, which was a significant problem in recent experiments at COSY [43] . The 2 seconds of switching time could be charged to the polarized beam time. 
Summary of Needed Polarized Hardware
Polarized Ion Source
The source should produce a high intensity H One could use something like the unpolarized stacking procedure for polarized ions: 40 µs pulses at 15 Hz repetition rate going into the LINAC and injected into the Booster for 12 turns; then 6 Booster pulses injected into the Recycler Ring followed by 6 more pulses using "slip-stacking"; then injection into the Main Injector ring. with 100 µs source pulse: 7 · 10 12 protons; with 40 µs source pulse: 2.8 · 10 12 protons; with 26 µs source pulse: 1.9 · 10 12 protons. With 10% polarized-beam-time, one could optimize the instantaneous and average intensities by varying the polarized pulses' duration, frequency, and sequencing: a. with 100 µs source pulse: nineteen 3-sec pulses every 10 th minute with flat-top of 3 − 1.5 = 1.5 sec and slow extraction time of 1.5 sec giving instantaneous intensity of 4. Figure 1 .10: Booster imperfection depolarizing resonance strengths and 1% depolarization line. [40] 14. 120-150 GeV/c Main Injector Superconducting Siberian Snakes Two Siberian snakes [44, 45, 46] each containing 4 superconducting transverse DC helical dipole magnets could overcome all depolarizing resonances in the Main Injector by rotating the spin by 180
• about a horizontal 45
• axis. The two snakes must be placed on exactly opposite sides of the Main Injector ring, probably in the MI-30 and MI-60 straight sections. Moreover, to overcome strong depolarizing resonances the spin rotation axes of the two snakes must be orthogonal; for example, their axes could be +45
• and −45
• from longitudinal. Note that since they are superconducting, one must certify the Main Injector tunnel for cryogenic liquids.
We have come up with 2 different snake designs which are described below. Both are based on the clever and efficient RHIC 4-helical dipole design [47, 48] , where all 4 helices are of equal lengths, with the inner pair of helices at equal high B-fields and the outer pair at equal lower B-fields. Moreover, each of the 4 dipoles has the same 360
• helical rotation. Our new design [49] is based on modifying the RHIC design by making the inner pair shorter than the outer pair, so that the up and down vertical beam excursions are exactly equal. This minimizes the inside diameter of the snakes and thus significantly reduces their cost. These two new snake designs seem quite interesting. The snakes are fairly short with rather small orbit excursions, as discussed below. The 6" ID / B max = 5 T snakes would require less time and R&D; they have the same ID as the Main Injector; thus, they seem best from some points of view. However, the 4" ID / B max = 8 T snakes would be shorter, and space for a snake in MI-60 may be an issue. Moreover, it could serve as an inexpensive pilot project for using superconducting NiSn magnets in high energy accelerators with a factor of ∼2000 less NiSn cable than the 27 km LHC. 
Hardware Instalation and Schedule
The below schedule assumes that: 1. the funding decision for this polarized beam project is made by December 2011; 2. the IUCF polarized source now at Dubna will be available; 3. Brookhaven will help to build the superconducting snakes and rotator; 4. the switching magnets and vacuum pipes for the polarized source will be installed along with the RFQ; 5. the used AGS partial snake and pulsed quadrupole are available; 6. the ion source area (or some nearby area) is accessible during MI running. Then one could install some of the necessary hardware during the presently planned FY 2012 Main Injector upgrade period. As shown in Fig. 1 .12, about 2 years seems an appropriate time for the polarized beam engineering design and fabrication. 
Commissioning
The Fermilab polarized beam commissioning might be somewhat similar to the AGS polarized beam commissioning [30] , where the polarized proton source, the 750 keV RFQ and the 200 MeV LINAC were first tuned using a 200 MeV polarimeter. The polarized 200 MeV LINAC beam was then transported to the AGS and accelerated. In the Fermilab Booster, the partial snake should prevent depolarization by the imperfection resonances and the fast tune shifting quads should overcome the intrinsic depolarizing resonances. We expect to maintain the full source polarization of 75%-80% during acceleration in the Booster and transport to the Main Injector. We would then measure the Main Injector polarization during and after acceleration and may tune its Siberian snakes if necessary. We may also adjust the Main Injector orbits, tunes, and chromaticity to maintain good emittance, intensity, and polarization. Polarized beam would then be extracted and transported to the experimental areas; the beam transport line rotators would then be tuned. This item NEEDS MORE STUDY. The estimate for the total cost of obtaining 120-150 GeV/c polarized proton beam capability at Fermilab is given in 2012 Dollars.
Summary
With a 50 cm long liquid hydrogen target and 10% of the beam time, the time-averaged polarized beam luminosity for the Main Injector could probably be about 2 · 10 35 cm −2 s −1 or higher. This polarized luminosity should allow precise measurements of spin-asymmetries out to P 2 ⊥ of 50-70 (GeV/c) 2 for inclusive hadron production. The world's highest intensity polarized proton beam with a 50 cm hydrogen target would also allow precise studies of polarized Drell-Yan processes. With a solid polarized proton target, it could also allow high-precision 1-spin, 2-spin and spin-averaged studies of violent elastic protonproton collisions out to P 2 ⊥ of at least 12 (GeV/c) 2 -a fundamental probe of the strong interaction.
The total cost of providing a 120-150 GeV/c polarized proton beam could be about $4 Million and the time needed for producing the needed hardware could be about 24 months from the time of approval and funding.
